Abstract: This paper investigates multi-objective optimization of electric vehicle (EV) based on features extracted from three driving styles, aiming at coordinating dynamic performance, ride comfort and energy efficiency. First, an unsupervised learning approach is used to clusters real-world driving data, obtaining three different driving styles. Then, the preferred performances under distinct driving styles are analyzed, and driving-style-oriented are determined. A model predictive controller is developed so as to handle the formulated multi-objective optimization problem. Simulations are carried out under with the developed controller and system models. Simulation results showed that the proposed controller could well coordinate the dynamic performance, ride comfort and energy efficiency of the 4IWDEV, validating the feasibility and effectiveness of the developed methodology and algorithms.
INTRODUCTION
More attention has been brought to 4-in-wheel drive electric vehicles (4IWDEVs) from a range of study fields because of their advantages, including zero emission and high efficiency compared to conventional internal combustion engine vehicles (Dizqah, A., 2016) .
One of the research aspects that have been drawn plenty of attention is vehicle dynamics control of 4IWDEVs. Many investigations have been deployed considering the energy consumption reduction, driving comfort and dynamic performance of EVs. De Pinto S et al. (2017) focused on single objective dynamic performance, while HELLSTRÖM E et al. investigated multi-objective optimization (MOO) of EV's dynamic performance. Based on a model predictive control (MPC) framework, Luo L et al. (2010) optimized adaptive cruise control of a traditional vehicle with multiple objectives including energy, comfort, safety and carfollowing performance. With the objectives of decreasing EVs' acceleration time, energy utilization, and jerk, Chakraborty, D. et al. (2016) presented a method to find out the optimal driving zone during acceleration by adopting evolutionary methods with multiple acceleration values. Besides, to solve the conflict between acceleration and energy, Dongbin LU et al. (2014) compared the analytical algorithm and dynamic programing approach to figure out the relationship between optimal torque and speed curve during acceleration processes.
Another research aspect which has been addressed much attention is driving style. Previous study indicated that 30% difference in energy consumption can be resulted by the difference between driving aggressively and driving moderately. Moreover, according to Dokic, J. et al.'s (2015) analysis, driving-style-oriented control could contribute a lot to ride comfort improvement.
Thus, based on the above literature review and analysis, driving-style-oriented MOO of EVs is of great significance, especially in highly interactive urban driving scenarios. However, rare investigations in this field have been reported. mref T (k) y(k)
Fig. 1. The framework of MOO system
In order to further improve the overall performances of EVs, driving-style-oriented MOO is studied in this paper using a MPC frame, as shown in Fig. 1 . Following the reported findings (Wang, R. et al., 2011) , a classification of three driving styles: aggressive, normal and calm is adopted to determine the optimization objectives and reference values of the model predictive controller. MPC then calculates the total desired torque and apply it on the plant model to test the validity and feasibility. Finally, the output of the in-wheel motor vehicle model are processed so as to carry out the performance evaluation.
The rest of the paper is organized as follows: The explanation of matching strategy is shown in section 2; Then, section 3 illustrates the establishment of MPC, followed by the plant
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Fig. 1. The framework of MOO system
The rest of the paper is organized as follows: The explanation of matching strategy is shown in section 2; Then, section 3 illustrates the establishment of MPC, followed by the plant Copyright © 2018 IFACmodel description in section 4, which comprise a simple motor and vehicle model and a torque allocation illustration; Section 5 conducts simulation and discussion under launch condition; Finally, conclusions are described in section 6.
DRIVING-STYLE-ORIENTED OPTIMIZATION OBJECTIVE DETERMINATION
For our daily driving, some drivers enjoy highly dynamic performance which would cost higher energy consumption of the vehicle, while some tend to drive gently with the merits of lower energy cost and better ride comfort. In this section, the proposed algorithms dedicate to realizing the multiobjective optimization with different preferences of three distinct driving styles. The aggressive style is predominant in the preference of highly dynamic performance with acceptable ride comfort and energy consumption. In contrast, the calm style features energy efficiency and driving comfort with less dynamic performance. And the normal one lies in between with a good balance of the three objectives, namely: the dynamic performance, ride comfort and energy consumption. In this section, we extract suitable signals for driving style classification (DSC) and compute their means in order to bridge the gap between driving styles and multiobjective optimization.
Signal Selection for Driving Style Classification
Given that real-world data has been labelled by driving events for simplicity, types of events can be easily obtained as acceleration, launch, brake and cruise with neglect of turn. Meanwhile, parameters which are related to driving styles are chosen as longitudinal acceleration, pedal position and vehicle speed based on existing work (Ericsson, E., 2000) . Besides, statistics for each variable are calculated as: maximum, minimum, mean, root mean square (RMS) and standard deviation. Therefore, a total set of 15 signals is determined for selection.
Signal selection at this stage eliminates redundant information and only maintains the minimum number of signals in order to facilitate DSC. Whereas, this approach is iterative and requires massive computation. Since K-means is a simple unsupervised learning algorithm, partitioning N data points into K clusters in which each point uniquely belongs to the nearest cluster, it is adopted in this work.
Fig. 2. Signal selection algorithm and simultaneous classification using K-means
According to reported finds (Martínez, C. M., 2017) , kmeans is utilized to minimize the number of signals characterizing driving style as demonstrated in Fig. 2 . The results generated by K-means algorithm are evaluated by criteria described in details in Table 1 .
Taking the launch condition as an example, the initial set of the 15 signals is reduced one by one, and an acceptable classification is then obtained using maximum pedal position. 
Driving Style Classification
Assumed that the optimal c k lies in the same magnitude as K , the parameter c k is increased from 3 to 10. Then, 6 c k  is chosen due to the better classification results and less complexity (Martínez, C. M., 2017; .
Taking the same example of launch event, means of the maximum value of gas pedal position over the three driving styles are shown in Table 2 with corresponding values of the maximum acceleration of the vehicle. Herein, the concept of driving style has been visualized as a specific parameter with values, which would be easier to be integrated into MPC. 
.3 Optimization Objective Determination
As explained in Table 2 , during launch processes, the three driving styles can be correlated to different preferences of optimization objectives along with different mean values of maximum acceleration. While the preferences can be realized through weights tuning and reference value setting in cost function. Hence, this paper takes different parameters for the three optimization objectives as shown in Table 3 . Torque increment Energy consumption Therefore, the key point of matching transfers into computing acceleration, jerk, and energy consumption etc. via maximal pedal position. Given that the percentage of pedal position equals to that of motor torque, it is easy to compute the corresponding parameters mentioned above.
DESIGN OF MODEL PREDICTIVE CONTROLLER
In this section, an internal model of MPC is developed firstly. Then, the proposed MPC is implemented with optimizer and constraints.
Internal Model
In a 4IWDEV, the demanded driving force can be presented as (neglecting wind resistance): Changchun, China, September 20-22, 2018 276 Caixia Yang et al. / IFAC PapersOnLine 51-31 (2018 
where  represents   
 
T v a  y is the system output.
Next, discretization and difference operation are implemented on (3) to satisfy the requirement of MPC design. Finally, we acquire
where
The state space model of vehicle system shown in (4) is then transformed with a new
Thus, the internal model of MPC can be re-written as: 
In this formulation, the increment of manipulated variable is supposed changeable only at each step during the control horizon and then equal to 1 u(k m )    up to the predictive horizon. Therefore, the predicted output variables are: 
Combining (5) and (7), we obtain:
, .
Control Optimization
The next step is to compute the desired control input, u(k)  , which determines the acceleration, jerk, and energy consumption. With a given reference vector (k) R at sample time k , the index J(k) to be minimized is calculated by the following cost function: 
(p) (m ) Changchun, China, September 20-22, 2018 Normally, the ideal distribution of tire load can be obtained by 
where zf F and zr F are the forces acting on front and right wheels, respectively. 0 b and 0 a denotes the distance from the centre of gravity to rear and front axles, respectively. 
where xf F and xr F are the longitudinal traction forces of the front and right wheels, respectively.
We assume the torque generated by the left wheels is equate to that of the right wheels. Thus, we can obtain: 
Considering the efficiency characteristics of the adopted motor, (16) is applied only when 9 mrl T N m   . Otherwise, there will be only the two front-wheel motors driving the vehicle.
SIMULATION AND DISCUSSIONS
In this section, simulations are conducted to evaluate the developed controller. The simulation results under three different driving styles are compared and analysed.
Simulation Scenario
In this work, simulations are carried out in the scenario of launch. It is worth mentioning that the target speed corresponding to each driving style differs from each other, because real-world driving data indicates that aggressive drivers usually operate vehicle at a higher speed than calm ones. Adapting to three driving styles, the proposed MPC employs three sets of parameters, including references, softened constraint, and weightings, as shown in Table 4 . 
Evaluation Parameters
Fig. 3. MAP of the in-wheel electric motor
As shown in Table 4 , acceleration time, jerk, and energy consumption are adopted for multi-objective optimization. jerk (k) and E(k) are defined as:
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